Shewanella oneidensis MR-1 is a sediment organism capable of dissimilatory reduction of insoluble metal compounds such as those of Fe(II) and Mn(IV). This bacterium has been used as a model organism for potential applications in bioremediation of contaminated environments and in the production of energy in microbial fuel cells. The capacity of Shewanella to perform extracellular reduction of metals is linked to the action of several multihaem cytochromes that may be periplasmic or can be associated with the inner or outer membrane. One of these cytochromes is CymA, a membrane-bound tetrahaem cytochrome localized in the periplasm that mediates the electron transfer between the quinone pool in the cytoplasmic membrane and several periplasmic proteins. Although CymA has the capacity to regulate multiple anaerobic respiratory pathways, little is known about the structure and functional mechanisms of this focal protein. Understanding the structure and function of membrane proteins is hampered by inherent difficulties associated with their purification since the choice of the detergents play a critical role in the protein structure and stability. In the present mini-review, we detail the current state of the art in the characterization of CymA, and add recent information on haem structural behaviour for CymA solubilized in different detergents. These structural differences are deduced from NMR spectroscopy data that provide information on the geometry of the haem axial ligands. At least two different conformational forms of CymA are observed for different detergents, which seem to be related to the micelle size. These results provide guidance for the discovery of the most promising detergent that mimics the native lipid bilayer and is compatible with biochemical and structural studies.
Introduction
Shewanella oneidensis MR-1 is a facultative anaerobe belonging to the Gammaproteobacteria that reduces a large number of substrates such as fumarate, nitrate and nitrite, and also the more unsusual insoluble metallic compounds containing manganese, iron, uranium, vanadium and chromium [1] [2] [3] . Although the reduction of soluble substrates can occur in the periplasm, the reduction of insoluble metal hydroxides is more difficult because of the barrier provided by the outer membrane. The metabolic versatility of this organism is associated with the presence of several multihaem c-type cytochromes which can be soluble in the periplasm or associated with the membranes [4] . Extensive genetic and biochemical data show that, for a large swath of anaerobic metabolism, electrons from the bacterial catabolism are transferred via the menaquinone pool to the cytochrome CymA [1, 2, [5] [6] [7] [8] . This is a 21 kDa membranebound tetrahaem cytochrome that belongs to the NapC/NirT family of quinol dehydrogenases [9] . This class of proteins is ubiquitous among numerous anaerobic organisms, and is usually integrated in multiprotein membrane complexes [5, 10] . In contrast with other known members of the NapC/NirT family, CymA can be purified in the absence of a terminal reductase, which suggests that association with its periplasmic redox partners is not essential for its stability [11] [12] [13] .
Despite the key physiological role of CymA in the anaerobic respiratory metabolism of S. oneidensis MR-1, no detailed structural and functional information has been reported to date. With respect to structural characterization, the state of the art is a multisequence alignment and homology model of CymA based on the Desulfovibrio vulgaris NrfH tetrahaem cytochrome structure. This work revealed that CymA possesses common structural features of the NapC/NirT family [13] , presenting a N-terminal transmembrane α-helix that anchors the protein to the outer leaflet of the cytoplasmic membrane and a globular periplasmic domain that covalently binds four c-type haem groups. This model predicts that Lys 91 is involved in CymAmenaquinol interaction and menaquinol oxidation, but it did not allow the identification of the distal axial ligands of the haems [13] .
Native CymA purified from Shewanella frigidimarina and a soluble form of CymA from S. oneidensis MR-1, where the membrane anchor was truncated, were reported to have four low-spin haems [11, 14] . However, recent characterization of the native detergent-solubilized CymA from S. oneidensis MR1 identified three low-spin haems with bis-histidine axial co-ordination, and a single high-spin (A) NMR of CymA solubilized in 0.03% DDM measured in a 300 MHz Avance spectrometer (Bruker) using a superweft pulse sequence [25] . High-spin haems are highlighted. (B) CymA solubilized in 0.05% Triton X-100, 0.03% DDM, 0.15% DM, 1.3% OG or 0.1% SB-12 (spectra from bottom to top). Spectra were collected on a 500 MHz Avance II spectrometer (Bruker) using a superweft pulse sequence [25] . Shaded areas highlight features in the spectrum obtained with DM that are common to those observed in spectra with detergents that form smaller and larger micelles.
haem with histidine/water co-ordination [12] . Data obtained through NMR of purified CymA from S. oneidensis MR-1 in the presence of detergents also shows high-spin haems ( Figure 1A ). These data show that the methods of protein preparation influence the observed properties of CymA.
The characterization of membrane proteins is compounded by difficulties associated with generating the sufficient amount (milligrams) of pure monodisperse protein. Although monodispersed protein particles are the building blocks of stable crystal lattices and homogeneous NMR samples, it is necessary that the protein retains stability, in a well-defined fold and oligomeric state, during the crystallization process or during extended periods of NMR data collection. Purification of membrane proteins involves the extraction from the lipid membrane with detergents. However, the identification of the most suitable detergent for a particular protein is an empirical process. The ideal detergent will be one that extracts all of the protein from the cell membrane, maintains the protein native fold, preserves the protein biological activity, and forms a stable monodisperse protein particle. 
CymA solubilization
Recombinant CymA from S. oneidensis MR1 was obtained using an overexpression strain (LS82) kindly provided by Dr Liang Shi (Pacific Northwest National Laboratory, Richland, WA. U.S.A.). Recombinant CymA was purified from the membranes of S. oneidensis MR1 LS82 using similar procedures to those described by Marritt et al. [12] . Besides DDM (n-dodecyl β-D-maltoside), solubilization of the protein was also achieved using the non-ionic detergents OG (octyl-β-glucoside), DM (n-decyl-β-D-maltoside) and Triton X-100, and the zwitterionic detergent SB-12 (N-dodecyl-N,N-dimethylammonium-3-propane-1-sulfonic acid). The concentration used for each detergent was above its critical micellar concentration in order to ensure sufficient detergent to solubilize the protein into micelles. The behaviour of a specific detergent is dependent on the electrostatic and stereochemistry of the headgroup and tail. Whereas the type of headgroup defines the category of detergent used (ionic, non-ionic or zwitterionic), it is the length of the hydrocarbon chain that determines the size of the protein-detergent micelles ( Table 1 ).
Considering that CymA has one of the lowest ratios of polypeptide size per haem (187 amino acid residues per four haems) in multihaem cytochromes [15] , it is expected that all haems are accessible from the surface. Therefore differences in the protein environment, such as the size of the micelles where the protein is solubilized, may affect the general folding of the protein as well the haem axial ligand geometry.
NMR characterization of micelle-solubilized CymA
NMR is a powerful tool to obtain information about the orientation of the haem axial ligands in low-spin paramagnetic haems as well to characterize the ligands themselves [16] [17] [18] [19] . NMR spectra of solubilized CymA in different detergents are shown in Figure 1(B) . These data show that the features of the spectra appear to correlate with the micellar size and not with the nature of the detergent headgroup. Spectra obtained in the presence of detergents that form smaller micelles (OG and SB-12) are different from those obtained in the presence of detergents that forms larger micelles (DDM and Triton X-100). The spectral differences, observed in the high-frequency region of the spectrum up to 40 p.p.m., arise from changes in the geometry of the haem axial ligands [19] . Detergents that form smaller micelles presumably leave more of the protein exposed, leading to undesirable aggregation of the hydrophobic regions that are not completely covered by the micelle. This could compromise the stability and folding of the membrane protein. In contrast, larger-micelle-forming detergents are more likely to maintain a membrane protein in solution, leaving less protein exposed. The NMR spectrum of CymA solubilized in DM shows a mixture of features observed for both types of micelles, indicating that, with this detergent, medium-sized micelles of 33 kDa with at least two conformational forms of solubilized CymA are obtained.
Previous studies on OmcA, a decahaem cytochrome attached to the outer membrane of S. oneidensis MR-1, did not show significant differences in secondary structure when anchored to a liposome compared with when free in solution. However, differences were observed in the electrochemical properties of OmcA. The reduction potentials of two-fifths of OmcA low-spin c-type haems suffer a significant change when detergents were used during the initial purification steps [20] . Likewise, the soluble form of S. oneidensis MR-1 CymA, which is physiologically competent to rescue a CymA mutant [14] , displays significant differences for the less-negative reduction potential, when redox titration data is compared with data obtained for CymA solubilized in DDM determined from magnetic circular dichroism [12] . The reported differences can be rationalized considering the absence of the N-terminal anchor in the truncated form of CymA, which will increase the solvent exposure of some of the haems, leading to a decrease in the reduction potential [20] . Also the envelope of voltammetric activity of a recombinant maltose-binding protein fusion with CymA appears to be shifted with respect to both results mentioned above [21] , highlighting the sensitivity of the functional properties of CymA to the environmental conditions of the measurements.
Finally, reduction potentials for S. oneidensis MR-1 CymA solubilized in DDM determined from data fitted using four independent transitions (from − 110 to − 265 mV) [12] are different from those calculated for S. frigidimarina CymA also solubilized in DDM (reduction potentials from + 10 to − 229 mV) [11] . Although these potentials cannot be assigned to specific haems, preventing a detailed comparative functional characterization, they reveal differences already in this coarse characterization. For the STC (small tetrahaem cytochrome) and the flavocytochrome c 3 from S. oneidensis MR-1 and S. frigidimarina, a detailed comparative characterization was carried out [22, 23] . This revealed quite distinct functional properties, even in the context of conserved haem-haem angles and distances [24] .
Conclusions
In conclusion, CymA appears to be a quite sensitive protein that has resisted attempts to obtain its detailed structural and functional characterization. NMR data show that the environment of the haems is affected by the size of the micelles used to solubilize this protein. These data provide guidance in the quest for the detailed characterization of this key protein in the anaerobic metabolism of Shewanella.
